The thermo-fluid laboratory at the El Vecino campus of the Salesiana Polytechnic University in Cuenca (UPS), Ecuador, has a shell and tube heat exchanger. This experimental equipment is very important from the didactic point of view for subjects such as Fluid Mechanics and Heat Transfer (subjects that are part of the curriculum of the undergraduate program of Mechanical Engineering), as well as to carry out application projects at the institutional level. This paper presents the results of the simulation of heat transfer processes that take place in the heat exchanger, and demonstrates the feasibility of "replacing" the physical equipment by the computer simulation. In addition, are shown the benefits that this possible replacement has for the institution and teaching.
Introduction
Heat exchangers are devices that enable the heat transfer between two fluids at different temperatures without them mixing. These devices are fundamental elements in heating, cooling, air conditioning, energy production and chemical processing systems; therefore, they are used in all types of industries [1, 2] . Approximately 37% of the heat exchangers used for industrial purposes are shell and tubes exchangers [3] . An outer shell, by which one of the fluids flow, as well as several tubes through which the other fluid flows, without them mixing, makes up these exchangers. The equipment works by heat transfer due to conduction and convection. In Chemical Industry, where heat transfer without combustion is required, this type of heat exchanger is essential. In this regard, there are different methods for its design and this leads to a line of research on such devices. For example, in [4] it is possible to find the description and automation of the Taborek method, used in order to design a heat exchanger of this type. In addition, the design cost is optimized with the application of the methods Simulated Annealing and Genetic Algorithms. From the point of view of the applications, the research conducted on heat exchangers have been aimed at increasing the efficiency of this devices under different condition of the surrounding environment [5] , and to make this possible, computer tools have also been used to develop simulations of state behavior of a heat exchanger. We also found the report by J. Ardalia and his partners [6] . They validate an ANSYS numerical model for the analysis of heat transfer in straight, helical, smooth and torsioned concentric tube exchangers; comparing the obtained results with experimental data published in specialized scientific books. According to their conclusions, the increase of heat transfer is associated to the geometry of the exchanger. Conclusions of these types of studies have been the basis to improve both the design and the terms of use. They have also helped save financial resources. It is also possible to cite the works of Correa and Marchetti [7] , who compared the behavior of three different shell and tube exchangers to find the most effective. They used an artificial network (ANN) to validate theirs experiments, and the maximum deviation they obtained was 2%. On the other hand, Nellis et al. [8] used simulation to validate the experimental results for heat exchangers used in refrigeration, specifically in evaporators and condensers. Comparatively they acted within a margin of 10% and then used simulation to predict the improvement in the efficiency of the exchanger by up to 8.3%. Kamaris et al. ( [9] ) applied a computational fluid dynamics (CFD) code to simulate the heat transfer in a plate exchanger. They validated the obtained results in an experimental manner and demonstrated the effectiveness of the CFD code for simulation. While J. Judge and R. Radermacher [10] used simulation data, to develop a heat exchanger model to cool residential heat pumps. The results improved efficiency by 44% and were validated for four different types of refrigerant. Córdova-Tuta and Fuentes Díaz [11] develop a computer tool for the simulation of flow behavior in the tube and fin exchangers when a phase exchange may occur in the refrigerant. In this case, the finite volumes methodology was used for the modeling of the exchanger, and the representation of the tube connections was done by means of the graph theory. With this model, it was possible to predict the behavior of an evaporator's flows when having dry and wet fins; the error was less than 6% with respect to the experimental data. Another application of virtual tools for the study of exchangers is, for example, the use of Hysys. In [12] it is described the validation of the linear multivariable control designs in a heat exchanger under this virtual environment. The study aimed at analyzing the different responses of the MIMO system, under regulatory control with different uncouplers and without uncouplers. The validations of the experimental results have also carried out by applying the numerical methods. Anica Trp [13] conducted comparisons between the numerical and experimental results of the heat transfer in an exchanger as the one being discussed in the present report. Additionally, there is the work of Machuca and Urresta [14] , which presents the structure of a software developed for teaching and learning the dynamics and control of a shell and tubes heat exchanger. The program presents, in a numeric and graphic manner, the dynamic behavior in open and closed loop of the process for different parameters of design and variable conditions of operation. For a more complete and detailed information on current issues regarding heat exchangers, the main lines of research and challenges, you can consult the work of Reyes-Rodríguez and Moya-Rodríguez [15] .
In our case, we deal with a laboratory equipment, fundamentally used for teaching purposes in the subjects of Fluid Mechanics and Heat Transfer. Therefore, the following question arises: How do we guarantee the laboratory practices in Fluid Mechanics and Heat Transfer when, for some reason, the exchanger is out of service? An answer to the aforementioned question will be given. Hence, the following section describes the materials and methods used to conduct the research. Then, section 3 presents the results of the developed simulation, which describes the processes that take place in the exchanger, and we made a comparison with the data obtained experimentally. Finally, the conclusions are set forth in section 4.
Materials and methods

Experimental issue
The Shell and Tubes heat exchanger analyzed in this work is a teaching model of the thermo-fluids laboratory of the Universidad Politécnica Salesiana. Armfield (Engineering Teaching & Research Equipment) built it. Its characteristics are shown in Table 1 . Figure 1 shows the constructive aspect of the device, it has thermocouples to measure the inlet and outlet temperature of the fluid, and also it has flow meters to measure the hot and cold flows. 
Environmental parameters
The environmental parameters that are normally in the laboratory where practices are developed are shown in Table 2 . The value of atmospheric pressure and room temperature were obtained with JUMO measurer, which has platinum wire sensors. The measurements were carried out according to the DIN 60751 norm. 
Flow and temperature
The flow and temperature variables were established for two types of flow: hot water and cold water; following the direction of the flow, as shown in Figure  2 . The initial values for these variables are presented in Table 3 . 
Experimental data collection
The Armfield Heat Exchanger HT33 software, provided by Armfield, was used to collect the experimental data. This software allows the collection the data of temperature and flow in the exchanger in real time. A test time of 60 seconds was established; and was chosen as initial operating configuration, the values summarized in Table 3 . With this configuration was mounted the heat exchanger on the HT30XC Computer Controlled Heat Exchanger Service Module (Armfield module, which allows the fluid that enters the exchanger to be heated, regulates the flow of hot and cold fluid and also measures temperatures and the quantities of inflow and outflow of fluids).
Simulation
The SolidWorks 2 software was used to simulate the heat exchange processes that take place in the device. First the three-dimensional design of the heat exchanger was obtained and then the computer simulation of heat transfer was carried out. Figure 3 shows the three-dimensional representation of the equipment. The parameters that were used into the simulation software, were the flow values obtained through the real time measurement, are shown in Table 4 . Three types of mesh quality were used for the simulation. The software allows automatically generate the "thick", "medium" and "fine" mesh types. The characteristics of each type of mesh are shown in Table 5 . 
Mathematical model
The mathematical model that governs the operation of the exchanger is based on the energy equation (1) (see, for example, [16] ):
where ρ: density; C p : heat capacity; T : temperature; t: time; q: heat flow density; β: expansion coefficient; p: pressure; Φ: volumetric dissipation. (2) and (3) that describe the dynamic behavior of each part of the system:
where the subscript t refers to the tubes and the subscript s to the shell. Besides, T i : inlet temperatures of the fluids; T o : outlet temperatures of the fluids; F : correction factor; U : global coefficient of heat transfer; A: heat transfer area; V : fluid volume. Table 6 shows the experimental results obtained by measuring outlet temperatures (for both hot and cold water), taken at 5-second intervals. As can be seen in this table, the values tend to stabilize after 20 seconds. The graphs in Figure 4 show the behavior of the inlet and outlet temperatures for the cold and hot water flows used in the heat exchanger. The curves confirm the tendency of the system towards stability around 20 second after beginning the test.
Results
Experimental
Figure 4: Experimental data of temperature vs time
The outlet temperature for hot water, compared to the inlet temperature, is for obvious reasons lower (since the flow of hot water transfers heat energy towards the flow of cold-water, which decreases the temperature of hot water at the exit). The behavior curve of hot-water outlet temperature is similar to the behavior curve of hot water inlet temperature, but shifted on the axis of the ordinates. For the case of cold water, the behavior of the outlet temperature curve is inverse, i.e. the behavior curve of the cold-water outlet temperature is a kind of reflection of the inlet temperature curve. This phenomenon is because in the initial period (from 0 to 10 seconds) there is a decrease in the inlet temperature of cold water, since this temperature is lower than the temperature of the exchanger's shell. The position of the thermocouples and the initial mass of cold water will provide a higher temperature due to the heat absorption of the shell. In contrast, the outlet temperature of cold water has an upward behavior in the same initial time period because the process of heat exchange between the hot fluid and the cold fluid is slow (it is not instant, it is time dependent) . Similarly, there is a peak of the temperature value around 5 seconds, caused by the thermal inertia of the fluid, that is, the opposition to change the state. In this case, changing from one state of heat absorption, to one of stable temperature. Table 7 shows the simulated results of outlet temperature of hot water for thick, medium and fine mesh. As shown, the temperature values are stabilized at a time, which is similar to the experimental stabilization time. Additionally, the type of mesh does not have a significant influence on the simulation results. However, a better quality of the mesh (finer) will produce results more close up to the experimental ones. Moreover, there is a peak in the outlet temperature of hot water around 2 seconds, due to the thermal inertia considered by the software. Table 8 shows the results obtained for the outlet temperature of cold water and the same types of meshing. We can see a behavior that is similar to the previous case, now the temperature values with medium and fine mesh are closer to the values obtained experimentally. Similarly, at the beginning of the process, the values obtained with those meshes, show a similar behavior to the one demonstrated experimentally. Not so for the thick mesh. The heat transfer process is shown in Figure 5 that appears later, which shows how the temperature varies according to time. The transverse sections correspond to the location of cold-water inflow and outflow; the images were obtained from the data with fine mesh. In the first section, in the bottom part where there is inflow of cold water, the temperature of hot water is not the same in all the tubes of the exchanger. This is due to the position of the fluid inlet point, which, when displaced downwards, will lose heat as it moves farther until it reaches the upper tubes. As time progresses, a difference in temperature can be seen in each of the tubes. That is, a lower fluid temperature at the bottom of each tube, due to the position of the cold-water inlet, since the first contact surface is the bottom of each tube. At the height of the twelfth, it is now possible to see, thanks to changes in color tone, how the heat transfer caused by the temperature gradient occurs. It is also possible to see that as time progresses; temperatures stabilize, and acquire a more homogenous tone. In addition, it is possible to appreciate the points where there is greater transfer of heat between the walls of the tubes and the fluid. 
Computational
Comparison of results
The comparison between the experimental and simulated results allows the validation of the computational tool, that is, it describes the processes that occur in the heat exchanger with a good level of accuracy. The graph of Figure 6 shows the hot water, experimental and simulated temperature curves with the different types of mesh. It is possible to appreciate the similarity between them, as well as for the equilibrium values. The variations observed in the experimental curve are attributable to several factors, such as the accuracy of measuring instruments, heat losses in pipes and fittings, impurities in the fluid and the inertia of the fluid that resists a status change. After 50 seconds, the equilibrium values are similar. The comparison of results for the cold-water outlet temperature curves is shown in Figure 7 . In this case, there is also a similarity between them, and the temperature equilibrium values are similar with a tolerance of ±0, 5 0 C. For the experimental curve, the temperature increase occurs a few seconds later than for the simulated ones. Once again, the factor that influences that most is the thermal inertia of the fluid. As in the case of hot water, it is possible to see the effect of better meshing, especially at the beginning of the process. At the beginning of the process, the experimental curve has a peak at about 5 seconds, as opposed to the simulated curves. This behavior is explained by the characteristics of a heat transfer process, for which the temperature requires some time to stabilize. In general, both the experimental and the simulated results have similar behaviors and stabilize at similar times. The maximum percentage of relative error between the experimental and computational data of the exit temperature for hot water, if analyzed from the moment of stabilization of the process (20 seconds after it started), is approximately 4%, and is obtained for the fine mesh. While the same error for the cold-water outlet temperature is approximately 3, 62% for the thick meshing.
Conclusions
The outlet temperature curves for hot and cold water have similar tendencies for the experimental and the simulated data, therefore is validated the computational tool used to simulate the operation of the exchanger. The values obtained are coherent with the tolerances recorded in previous research. For example, in [8] with a numerical solution of the mathematical model that describes the operation of the exchanger, under certain conditions a tolerance of 10% is reached; however, the maximum relative error in the simulation proposed in this work, also under certain conditions (temporary in this case), does not exceed 5%. The result obtained is also comparable, in terms of deviation, with that obtained by the authors in [7] . Therefore, when there is any situation that hinders the use of the heat exchanger in the thermo-fluids laboratory, it is possible to continue the laboratory practices and the normal course of lessons by applying the simulation. Additionally, the simulation technique becomes an educational tool to predict behaviors of the temperature curves in the exchanger when the conditions or initial data go beyond the established ranges for the laboratory exchanger.
